Osteoid osteoma (OO) is a benign bone tumor producing non-mineralized bone matrix (i.e., osteoid). While peritumoral edema is commonly found in OO, extensive bone marrow edema has been reported less frequently. Furthermore, the micro-morphological characteristics of the nidus and its central calcification remain unclear. In this study, a consecutive series of four patients suffering from extensive bone marrow edema triggered by intraarticular osteoid osteoma underwent clinical examination, magnetic resonance imaging (MRI) and computed tomography (CT) as well as dual-energy X-ray absorptiometry (DXA) and laboratory bone turnover analyses. The obtained resection specimens were processed by undecalcified histology and were subsequently analyzed by light microscopy and quantitative backscattered electron imaging (qBEI). We report an entity of intra-articular osteoid osteoma in the knee and foot, in which an extensive and persistent bone marrow edema syndrome masked the correct diagnosis. While metabolic bone diseases were excluded in all cases, the reassessment of the patients' clinical history including pain characteristics (nocturnal, aspirin sensitivity) led us to perform additional CT, where the tumor was diagnosed. The micro-morphological analysis of the OO biopsies revealed that the nidus was surrounded by hyperosteoidosis, while central mineralization was detected in all cases. This mineralized area showed a significantly higher mineralization heterogeneity than the surrounding trabecular bone and more disorganized collagen fibers detected by qBEI and polarized light microscopy, respectively. Taken together, our results indicate that osteoid osteoma should be considered when persistent and extensive, periarticular bone marrow edema is diagnosed. The central calcification that is found inside the nidus in conventional imaging was mirrored by bone matrix with a heterogeneous mineralization pattern.
Introduction
Osteoid osteoma (OO) represents a benign bone tumor that produces unmineralized bone called osteoid. Regarding its imaging appearance in magnetic resonance imaging (MRI) and/or computed tomography (CT), this area of osteoid is called nidus, while a central area of calcification is usually also visible [1, 2] . OO typically affects the long bones or vertebrae of adolescents or young adults but also atypical locations have been reported [3, 4] . OO may be localized cortically, trabecularly or subchondrally/ intra-articularly [2, 3, 5] . Next to the nidus, nocturnal pain that responds to nonsteroidal anti-inflammatory drugs (NSAIDs), especially salicylates, represents the most prominent clinical feature of OO [6] . On a molecular level, it was previously shown that OO have an oncogenic structural rearrangement in the AP-1 transcription factor (either FOS or FOSB) [7, 8] .
Intra-articular osteoid osteoma was previously reported as an important differential diagnosis for joint pain [3] , which is initially often assigned to more common differential diagnoses including inflammatory joint diseases or osteochondritis dissecans [3, 9] . Although it is known that benign and malignant bone tumors can be associated with bone marrow edema detected by MRI, bone marrow edema may be another relevant reason for the initial incorrect diagnosis. In fact, misdiagnosis of OO due to bone marrow edema was previously reported [10] . On the other hand, the occurrence of a distinct bone marrow edema (i.e., half-moon appearance in the femoral neck) has been described as a highly sensitive and specific feature for the diagnosis of osteoid osteoma [11] .
The aim of the present study was to determine the skeletal status of patients with extensive bone marrow edema due to late-diagnosed OO and to outline the micro-morphological characteristics of obtained OO specimens. While we outline extensive bone marrow edema as a reason for prolonged or misdiagnosis of osteoid osteoma, a full skeletal assessment was conducted in these patients in order to determine potential risk factors for the occurrence of extensive bone marrow edema in OO. Moreover, the mineral distribution of the nidus area containing a central calcification was assessed by quantitative backscattered electron imaging to find a potential correlate for the unique radiologic appearance of OO.
Methods

Patients
Four patients with extensive bone marrow edema are reported in this study. These patients (Cases 1-4) were 48, 22, 26, and 20 years of age. No specific risk factors for bone diseases were present in these patients. Magnetic resonance imaging (MRI) was followed by computed tomography (CT) to confirm the diagnosis. Informed consent was obtained from the patients.
Skeletal assessment
In order to further analyze the bone status, the areal bone mineral density (aBMD) was evaluated using Dual Energy X-Ray absorptiometry (DXA, Lunar iDXA, GE Healthcare; Madison, WI, USA). Furthermore, serum and urinary bone turnover markers including calcium, alkaline phosphatase (AP), thyroid-stimulating hormone (TSH), gastrin, 25-hydroxyvitamin D (25-OH-D 3 ), parathyroid hormone (PTH), bone-specific alkaline phosphatase (BAP), osteocalcin (Oc), and deoxypyridinoline cross-links in the urine (DPD) were assessed.
Biopsy studies
All biopsies were evaluated by a specialist bone pathologist to confirm the diagnosis of OO. Contact radiography was performed, and the specimens were subsequently fixed in 3.7% formaldehyde, dehydrated, embedded in methyl methacrylate, and cut on a Microtec rotation microtome (CVT 4060E, Micro Tec, Germany). Afterwards, the 5-µm sections were stained by toluidine blue, trichrome Masson-Goldner and von Kossa. The sections were analyzed using an Olympus BX-61 microscope (Olympus, Germany) equipped with polarized light filter sets.
The bone mineralization density distribution (BMDD) was assessed within the calcified/mineralized nidus as well as in the trabecular bone next to the tumor by quantitative backscattered electron imaging (qBEI, LEO 435 VP; LEO Electron Microscopy Ltd., Cambridge, England) [12] . The signal amplification was adjusted by reference to the mean signal level of carbon and aluminum standards (MAC Consultants Ltd., England). Four images per region of interest were obtained (100x magnification). The mean calcium content (CaMean) and the heterogeneity (CaWidth) of the calcium distribution were calculated and calcium distribution curves were calculated using ImageJ (ImageJ 1.42; National Institutes of Health, Bethesda, MD, USA; https://imagej.nih.gov/ ij/). qBEI data of the calcified nidus were compared with those of the trabecular bone by using the Mann-Whitney U test. These data are reported as mean ± SD, while p-values < 0.05 were considered statistically significant.
We additionally measured the diameter of the nidus and the central calcification in the CT images using to integrated tool in the local picture archive and communication system (PACS). This diameter was also quantified from the images obtained by qBEI. The associations between these data were tested using Pearson's correlation analysis. Level of significance was defined as p < 0.05.
Results
Case 1: 48-year-old male with subchondral osteoid osteoma of the lateral femur condyle
This patient presented with persistent and non-specific pain in the right knee that he had for over two years. At clinical examination, there was localized pain over the lateral femur condyle. Arthroscopy had been performed elsewhere on the basis of suspected aseptic osteonecrosis/spontaneous osteonecrosis of the knee (SONK). At presentation in our department, MRI showed no articular collapse but persistent bone marrow edema (Fig. 1A) . Extended laboratory tests and DXA did not point to any metabolic bone disease with normal bone turnover, vitamin D levels and bone mineral density (Table 1) . Since a typical response to salicylates was reported, we initiated an additional thin layer CT scan. Indeed, a nidus with a diameter of 6.5 mm was found (Fig. 1A) . At reexamination, the nidus could also be found in one MRI slice (Fig. 1B) . Arthroscopic resection of the tumor was performed. Postoperative CT indicated successful tumor resection ( Fig. 2A) . Histological analysis confirmed the diagnosis of a subchondral OO. After the surgery, the patient was fully able to walk without any pain.
Case 2: 26-year-old male with osteoid osteoma of the lateral femur condyle
In this case, unspecific knee pain for more than 2 years responding to ibuprofen was reported. Extensive bone marrow edema of the medial femur condyle was initially detected by MRI (Fig. 1C) . Due to persistent edema, core decompression was performed. However, the bone marrow edema persisted thereafter. A CT was performed due to typical medical history (nocturnal pain and response to NSAID) and revealed a small nidus in the anteromedial femur condyle (4.5 mm diameter) that was subsequently also recapitulated on MRI (Fig. 1D) . The tumor was resected using intraoperative navigated CT imaging, which confirmed its correct localization (Fig. 2B). 3.3. Case 3: 22-year-old male with osteoid osteoma of the calcaneus This 22-year old male patient was referred to our outpatient clinic due to severe pain in the right foot which he suffered from for a total of 3 years. Only ibuprofen treatment led to moderate reduction of pain levels. Due to the persistent bone marrow edema syndrome in the calcaneus seen on MRI scans core decompression was performed. Additional CT showed a 4.5 mm nidus in the calcaneus that was localized subchondrally (Fig. 1E ) and also seen in MRI scans when re-examining all slices (Fig. 1F) . DXA measurements revealed osteopenia in the hip (Table 1 ). The tumor was successfully resected (Fig. 2C) . Histological analysis, again, confirmed the diagnosis of a subchondral OO. After the surgery, the patient was free of pain and after 6 weeks he was fully able to walk and move his foot.
Case 4: 20-year-old male with osteoid osteoma of the talus
Another patient with persistent pain in the right ankle joint presented at our clinic. On MRI a pronounced bone marrow edema in the talus as well as effusion in the upper ankle joint was seen (Fig. 1G) . No signs of an underlying rheumatic disease or bone metabolic disorder were detected by extended laboratory analyses ( Table 1) . The patient received a single dose of off-label intravenous bisphosphonate (ibandronate), however, no improvements in pain levels could be noted.
Because of the unusual course of the disease and the reported pain response to aspirin, we initiated a CT scan as well as high-resolution peripheral quantitative CT (HR-pQCT). Here, a classical nidus with central calcification was seen (Fig. 1G ) and later also confirmed in the initial MRI scan (Fig. 1H) . The patient was operated by a specialist foot surgeon, where the tumor was surgically removed (Fig. 2D) . The patient was free of pain shortly after the surgery and histological analysis confirmed the diagnosis of subchondral OO.
Micro-morphological findings
The bone biopsies were further analyzed by detailed undecalcified histology and quantitative backscattered electron imaging (qBEI). In fact, the tumor could be readily determined in the macroscopic images of the resection specimens (Fig. 3A) . Contact radiography confirmed the radiolucent nidus with a central calcification (Fig. 3B) . The nidus area was mirrored by a circular area of unmineralized osteoid with central parts of mineralized tissue as detected in the von Kossa stained histological overview (Fig. 3C) . Further histological analyses showed fat cell fragmentation within the bone marrow close to the nidus area indicative of bone marrow edema (Fig. 3D) . The tumor itself consisted of structurally disorganized woven bone with >50% non-mineralized osteoid and high numbers of osteoblasts and osteoclasts in all cases (Fig   3E-G) . In polarized light microscopy, the tumor presented with disorganized collagen structures compared to well-aligned collagen fibrils in the adjacent trabecular bone (Fig. 3H) .
qBEI analysis revealed normally mineralized trabecular bone next to the nidus containing alternating bright and dark areas this indicating a vital remodeling process (Fig. 4A) . The calcified part of the nidus (CN) showed different sizes among the cases. Next to a tendency towards higher mean mineralization (CaMean, 24.8 ± 3.2 vs. 23.7 ± 0.09 wt %), a significantly higher mineralization heterogeneity (CaWidth, 4.66 ± 0.27 vs. 3.46 ± 0.26 wt%) was detected in the calcified nidus compared to the adjacent trabecular bone (Fig. 4B-D) . As a result, the bone mineral density distribution (BMDD) curves confirmed the altered mineralization pattern of the calcified nidus (Fig. 4D) . Measurements of the diameter of the nidus and the central calcification revealed that the nidus diameter correlated positively with the diameter of the central calcification, while the calcification in CT was also highly correlated with that measured by qBEI (Fig. 4E, F) .
Discussion
In this study, we have demonstrated extensive bone marrow edema (BME) as an important accompanying aspect of intra-articular OO. Although only performed in a relatively small patient cohort, the subsequent micro-morphological analysis revealed the microstructural basis for the typical MRI and CT appearance of OO, thereby providing the first available data regarding the matrix mineralization of the respective resection specimens using quantitative backscattered electron imaging.
In the clinical part of this study, we studied the potential relationship between peritumoral edema and bone mineral status, which had not been previously assessed. We found that BME was not associated with alterations in the skeletal status or bone metabolism in these patients (e.g., low DXA T-score, altered bone turnover markers) besides low vitamin D levels. In fact, only one patient presented with a low DXA Z-score<−2.0. As certain disorders of bone metabolism (e.g. secondary hyperparathyroidism, increased bone resorption) were previously found in patients with primary BME syndrome [13] , it was important for us to exclude metabolic factors that may have aggravated the BME in response to the OO. This also involved the exclusion of mineralization defects of the skeleton that have been associated with bone marrow edema (e.g., osteomalacia due to vitamin D deficiency [13] , hypophosphatasia [14] ). In our cases, vitamin D deficiencies were balanced with 20,000 IE of cholecalciferol weekly. Since metabolic bone disorders were excluded, it has to be assumed that the OO represents the major stimulus for the development of BME (most likely via the production of prostaglandins). Regarding the associations between OO and (local) bone turnover, it is also interesting to note that OO was previously associated with high osteocalcin levels; and OO removal led to a decrease of osteocalcin levels [15] . In contrast, all our OO patients presented with normal osteocalcin levels before tumor resection.
Perinidal or peritumoral edema was previously described in OO [16] and was most pronounced in younger patients with no apparent relation to drug therapy [17] [18] [19] . Peritumoral edema was also seen in patients with osteoblastoma [20] and in other tumor entities, where the size of peritumoral bone marrow edema was associated with increased prostaglandin production [21] . In the foot, bone marrow edema was reported as a frequent finding in patients with OO [22] . The patients from this study presented with a bone marrow edema that was not only preinidal, but also more extensive including larger areas of the bone. It is interesting to note that this extensive BME was only seen in patients with intra-articular OO and not in cases of OO affecting the diaphysis of the long bones. Therefore, it remains to be addressed if patients with intra-articular OO are more susceptible to bone marrow edema.
The radiographic description of the nidus as radiolucent with a mineralized center of the nidus was fully recapitulated by the conducted micro-morphological analyses of the resection specimens (i.e.,
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undecalcified histology, qBEI). Specifically, we found osteoid accumulation together with a highly and heterogeneously mineralized matrix mineralization in the center of the nidus compared to the surrounding trabecular bone. The presence of higher mineralization heterogeneity could be due to lower matrix mineralization in the outer areas of the nidus as well as poor bone remodeling with subsequent central hypermineralization, since bone that is covered by large surfaces of osteoid cannot be resorbed by osteoclasts. Similarly, hypermineralization of osteoid-framed bone was previously shown in vitamin D deficiency [23] . Higher mineralization heterogeneity was also detected in patients with hypophosphatasia [24] . Considering all diagnostic options, CT imaging represents the most specific technique to detect OO [1, 25, 26] , especially as a tumor size of under 3 mm may lead to misinterpretation of MRI images [3, 26] . In general, reliance on MR imaging alone was previously found to lead to misdiagnosis [2, 27] . Nonetheless, MRI may also be helpful in some cases. Especially in noncortical lesions with little periosteal reaction such as intra-articular OO), demarcation of the nidus within the bone marrow edema could facilitate the diagnostic process [17] . In this context, it was previously questioned whether bone marrow edema or the nidus arises first [28] . In the femoral neck, a half-moon appearance of bone marrow edema (i.e., "half-moon sign") has been described as a highly sensitive and specific sign for the diagnosis of osteoid osteoma [11] . Although no specific BME pattern could be observed in our cases, the nidus was confirmed at reexamination of MRI scans. However, BME was the reason for a number of incorrect diagnoses and various surgical treatments such as core decompression. Therefore, it was essential to evaluate the patients' medical history including their pain characteristics. These cases indicate that if nocturnal pain and NSAID sensitivity are present, CT should be performed in addition to MRI to confirm the Regarding treatment options, bisphosphonates were found to be effective in pain level reduction [29] . This was associated with bone marrow edema attenuation, which is most definitely a major reason for pain improvements. Consistently, bisphosphonates and denosumab were found effective in the treatment of BME [30, 31] . Nonetheless, sustained success can only be reached by a complete removal of the tumors, which is why the surgical resection therefore remains the treatment of first choice in most cases. In line with previous observations [32] we histologically detected nerve fibers in the bone adjacent to the nidus, which fits to the peculiar pain history of patients with OO. The limitations of our study include the fact that only four patients could be analyzed in detail, which hinders possible statements on statistical significance. Furthermore, we were not able to assess all patients at follow-up, which is why no statement regarding the development of laboratory values (e.g., osteocalcin) following tumor resection can be made.
Taken together, we have demonstrated that extensive bone marrow edema can mask osteoid osteoma, leading to delayed diagnosis. While it is essential to identify the atypical cases of osteoid osteoma as a differential diagnosis to musculoskeletal pain, certain patterns of impaired bone mineral status could not be confirmed in these patients. Next to a detailed clinical workup, our study revealed the micro-morphological characteristics of osteoid osteoma specimens demonstrating a heterogeneously mineralized bone material within the non-mineralized nidus, which explains the frequent description of a central calcification within the nidus in conventional imaging.
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